In this paper, the scan chain ordering method for BISTaided scan test for reducing test data and test application time is proposed. In this work, we utilize the simple LFSR without a phase shifter as PRPG and configure scan chains using the compatible set of flip-flops with considering the correlations among flip-flops in an LFSR. The method can reduce the number of inverter codes required for inverting the bits in PRPG patterns that conflict with ATPG patterns. The experimental results for some benchmark circuits are shown to present the feasibility of our test method.
Introduction
For testing highly integrated circuits, scan design is widely used to achieve high fault coverage for sequential circuits. Since much test data is required for scan design to set internal states of the circuit, reducing test cost such as test data volume and test application time is required. One of the techniques to reduce the test data volume is built-in self-test (BIST) that has test pattern generator such as linear feedback shift register (LFSR) inside the chip. For testing sequential logic circuit, scan-based BIST methods have been proposed. Since there exist some faults called random pattern resistant faults for which only few input patterns exist that can detect these faults, random pattern generated by LFSR can not achieve high fault coverage in practical time. Hence several enhancements of BIST design have been proposed. Some of the methods control the clock for the LFSR to hold some input vectors for reducing test data volume and scan power [1] , [2] while the conventional methods provide all of test clocks to LFSR. A BIST-aided scan test (BAST) architecture [3] , [4] is one of the techniques that has an inverter block to flip a random pattern to a deterministic ATPG pattern. The method proposed in [2] reduces the control data for the inverter block in BAST by holding the internal state of the inverter block for some test vectors. In this work, to reduce the test data in the BAST architecture, compatible sets of flip-flops are utilized to reduce the data required to flip the bit pattern of the random pattern. A compatible set of flip-flops is defined as a set of flip-flops for which same values can be assigned in any test vectors. It is utilized for configuring multiple scan chain like Illinois scan and scan tree architectures [5] - [7] . In this work, arrangements of flip-flops in BAST are determined based on the compatible sets of flip-flops. Since the flip-flops are placed considering the correlation between the patterns of flip-flops in an LFSR, PRPG can be constructed without a phase shifter in our method. In Sect. 2, a basic concept of BAST and some test data volume reduction methods on the BAST architecture are described. Section 3 shows our method that utilizes compatible sets of flip-flops to arrange scan flip-flops on scan chains for the BAST architecture. Section 4 shows the procedure of our method. The experimental results for benchmark circuits are shown in Sect. 5 and Sect. 6 concludes the paper.
Preliminaries

BIST-Aided Scan Test
To apply deterministic test pattern using BIST, BIST-aided scan test (BAST) architecture has been proposed in [3] , [4] . Figure 1 shows the BIST-aided scan test architecture. The BAST architecture consists of pseudo random pattern generator (PRPG), inverter block, X-masking block, multiple input signature register (MISR) and decoder block. In the BAST architecture, deterministic ATPG patterns are provided using PRPG and the inverter block. The bits in PRPG Copyright c 2010 The Institute of Electronics, Information and Communication Engineers patterns that conflict with the ATPG patterns are flipped using the inverter block. The control signal, that is called BAST code, from tester is provided to the decoder block and decides which bit to be flipped. Since there exist many don't care bits in test pattern in general, the approach can reduce much test time and test data volume with high fault coverage. In this study the reduction of the test data for the input pattern are targeted.
For each scan chain, the ATPG patterns are generated from random patterns by flipping the conflicted bits using the inverter block. Figure 2 shows an example of an inverter block in BAST. A PRPG pattern is provided to scan chains through the inverter block. In this example, an ATPG pattern (1, 0, 0, 1) is provided to the scan chains by flipping the second and the third bits.
We define inverter code as the internal state of the flipflops in the inverter block that determines which bits of a PRPG pattern to be flipped. Figure 3 shows an input part of the BAST architecture used in our method. In the BAST circuit, a sixteen-bit LFSR and sixteen scan chains are used. The group of the flip-flops at the same position on the scan chains is called a scan slice as shown in the figure. For each scan slice, BAST codes are applied to the decoder block to determine which bits in an inverter code are set to be flipped. The bit of a PRPG pattern is inverted and provided to the scan slice if the corresponding bit in the inverter code has value 1. In conventional BAST test method, all bits in an inverter code are reset for each scan slice.
In an example shown in Fig. 3 , the bits of the PRPG pattern at scan chain 3 in scan slice 2 and at scan chain 1 in scan slice 3 are required to be inverted for providing the ATPG pattern to the scan chains. When an input pattern is applied to scan slice 2, first, the BAST code is applied to set inverter code (0, 0, 1, . . . , 0) to the inverter block. The BAST code indicates the address of the scan chain to be flipped. The inverter block flips the bit on the scan chain 3 of the PRPG pattern (0, 1, 1, . . . , 0) for the scan slice 2, therefore ATPG pattern (0, 1, 0, . . . , 0) can be provided to the circuit. The PRPG can not achieve high fault coverage if there exist many random pattern resistant faults that have few input vectors to detect. The inverter block can produce the test vectors for such faults in short test application time.
Reducing Test Data Volume in a BAST Architecture
The conventional method of the BAST architecture, an inverter code in the inverter block is reset for each scan slice. The flipping bits are decided by BAST codes provided from a tester. One BAST code is required for each one bit to be flipped. In general, ATPG patterns contain many don't care values, hence there are not so many bits to be flipped. However, some PRPG patterns exist such that many bits are flipped due to random pattern resistant faults.
In [2] , to reduce the test power in scan-based BIST, the method that keeps an inverter code for some scan slices has been proposed. The method can also be utilized for reducing the BAST codes. To reduce the number of BAST codes, an inverter code does not reset if some bits required to be flipped through some consecutive scan slices in a test pattern. The flip-flops in the inverter block are replaced with toggle-type flip-flops to keep inverter codes until toggle signal is provided from the decoder block.
Figures 4 and 5 show an example of the method to keep an inverter code. Figure 4 shows a PRPG pattern generated by an LFSR and an ATPG pattern selected to provide to the scan chains. The ATPG pattern contains don't care values (denoted by X). Figure 5 shows the inverter code that is required to generate the ATPG pattern from the PRPG pattern in Fig. 4 . In this figure, the number of BAST codes required when resetting the inverter codes is shown at the row reset. Similarly, the number of BAST codes required when keeping the inverter codes is shown at the row keep. For scan slice 1, the assigned ATPG pattern is (X, 0, 0, X) while the PRPG pattern is (1, 1, 1, 1). There exist two care bits in the ATPG pattern. Since all care bits in the ATPG pattern conflict with the PRPG pattern, the inverter code is (0, 1, 1, 0) as shown in Fig. 5 . The internal state of the inverter block is reset at the beginning, hence two BAST codes are required to set the inverter code for scan slice 1. This case is the same as the example previously shown in Fig. 2 in Sect. 2.1.
For scan slice 2, there exist two conflict bits between the ATPG pattern (X, 0, 1, 0) and the PRPG pattern (0, 1, 0, 0). The inverter code for the scan slice is (0, 1, 1, 0). In conventional method, since the inverter code is reset for every scan slice, two BAST codes are required to set the inverter code the same as for scan slice 1. However, if the internal state of the inverter code is allowed to be held, the number of required BAST codes is 0 because the inverter code for scan slice 2 is the same as that for scan slice 1.
For scan slice 3, only one bit of PRPG pattern conflicts with the ATPG pattern. The inverter code for the scan slice is (0, 0, 0, 1). Whether to keep an inverter code or not is decided by calculating the number of BAST codes required for each cases. In this example, if the inverter code is kept, the difference from the previous inverter code is three bits hence the number of BAST codes is three. For the case that the inverter block is reset, the number of BAST codes required to set the inverter code is one. Therefore, reset is applied and then one BAST code is applied to set the inverter code for scan slice 3.
As shown in this example, reset is not applied when the number of BAST codes can be reduced by keeping an inverter code.
Compatible Scan Flip-Flops and Arrangements of Scan Chain
To reduce the test data volume in scan test, several methods have been proposed such that input pattern is shared with multiple scan chains in [5] - [8] . In these methods, the flipflops placed in parallel are selected among the compatible In this work, we calculate compatible sets of scan flip-flops as the set of flip-flops in which the flip-flops have no overlap in the set of the primary outputs and the pseudo outputs that has a path from them by the method in [6] . Figure 6 shows some flip-flops that have overlap in the set of the primary outputs and the pseudo outputs that have a path from them. Flip-flops {FF1, FF2, FF3} are connected to the same set of outputs. Flip-flops {FF4, FF5, FF6} are also connected to the same set of outputs. Since there exists no overlap between the outputs of {FF1, FF2, FF3} and that of {FF4, FF5, FF6}, compatible sets of scan flip-flops can be obtained by selecting one FF from each group. For example, a set of flip-flops FF1, FF4 is compatible flip-flops since there exists no outputs that has paths from both FF1 and FF4. This means that no faults require the assignment of the inputs for both FF1 and FF4. Since this method only find compatible sets from the circuit structure, the obtained compatible sets do not depend on test pattern. If an LFSR is used as PRPG, there exists correlation between the inputs provided from the LFSR to scan chains. In general, to avoid the correlation a phase shifter constructed of XOR gates is inserted between an LFSR and the input of scan chains [10] . In the BAST architecture, the PRPG pattern can be modified through an inverter block even if correlation between the patterns exists. In this work, we utilize the simple LFSR as PRPG and configure scan chains using the compatible set of flip-flops with considering the correlations among flip-flops in an LFSR. Figure 7 shows a random pattern produced by a simple LFSR. In Fig. 7 , a value at a bit is tend to be the same as the value at the neighboring bit at the previous clock. Then, we propose the method to arrange scan flip-flops in scan chains based on compatible scan flip-flops as shown in Fig. 8 . In Fig. 8 , the sets of flipflops marked as group A, B, C, or D are tend to be set to the same value by LFSR. In the procedure, the flip-flops in a compatible set are arranged diagonally on the scan chains. Even if the LFSR provides the same value at these flip-flops for every test vectors, test patterns can be generated with no conflicts with the LFSR pattern at these flip-flops. If most of the test patterns can be superimposed to the LFSR patterns, the number of the BAST codes can be reduced.
Procedure
In our procedure, compatible sets of flip-flops are calculated based on circuit structure using the method in [6] . The BAST architecture is applied to the circuit with the scan chains. The test patterns generated by ATPG are superimposed into the random pattern obtained by an LFSR such that there are less conflicting values between the vectors using a greedy algorithm. Then, the input bits that are required to be flipped at the inverter block are calculated. In the experiments, two kinds of the inverter blocks are utilized for comparison. One is the inverter block that resets inverter code for each test vector. The other is the inverter block that is capable of holding the inverter codes for consecutive scan slices and test vectors. In the case for each scan slice of a test vector whether the reset signal is applied or not is decided by the number of bits required to be flipped.
The procedure for ordering scan chains and generating test pattern for proposed BAST architecture is described as follows. Procedure: Scan chain ordering and test pattern generation for BAST architecture Step 3 is repeated until no unprocessed compatible set remains. 5. Flip-flops that are not involved in the compatible sets are arranged into the remained positions in scan chains. 6. ATPG patterns are generated for the scan chains. 7. The PRPG patterns produced by the LFSR are simulated such that the test length is the same as the ATPG patterns. 8. An ATPG pattern and a PRPG pattern are selected such that the least number of BAST codes are required for inverting the PRPG pattern to apply the ATPG pattern. This step is repeated for all ATPG patterns and determines the order of ATPG patterns superimposed into the PRPG patterns. 9. The inverter codes are calculated for each pair of PRPG and ATPG patterns. 10. For each PRPG pattern, BAST codes are generated for each scan slice based on the inverter codes.
In step 3, the arrangements of the flip-flops in a compatible set can be replaced with each other. The replacement will be applied when the layout constraints such as routing constraints are set for the flip-flops. If some flip-flops do not meet such constraints, these flip-flops are separated from the compatible set. In step 8, our previous method in [11] determined the pairs of ATPG and PRPG patterns by only calculating the number of conflicting bits between the vectors and did not consider the previous inverter codes. In this procedure, since the pairs of ATPG and PRPG patterns are selected based on the number of BAST codes calculated for both with reset and without reset, the better pairs can be selected to obtain less BAST codes. Figure 9 shows an example of a pair of PRPG pattern and ATPG pattern selected in the procedure. The ATPG pattern with least don't care bits is selected first. In this example, the ATPG pattern T A 0 is selected as the first pattern to find the PRPG pattern to be superimposed. The number of required BAST codes is calculated for each PRPG pattern. In this case, the number of BAST codes required for the pairs (T A 0 , T P 0 ), (T A 0 , T P 1 ) Fig. 9 Selection of a pair of PRPG and ATPG patterns. and (T A 0 , T P N vect ) are 4, 3 and 5, respectively. Please note that though the least number of the inverted bits is obtained for the pair (T A 0 , T P 0 ), the pair (T A 0 , T P 1 ) is selected in this step since the BAST codes can be reduced to 0 for scan slice 2 with keeping the inverter codes.
The test data volume is calculated by the formula similar to [2] : (N vect × N len + N inv ) × (2 + log 2 N ch ), where N vect is the number of test vectors, N len is the length of scan chains, N inv is the number of BAST codes required for setting inverter codes, N ch is the number of scan chains. The term (2+log 2 N ch ) denotes the number of bits required for a BAST code. Two bits are required to control the inverter block to reset, keep the invert code or set the bit to be flipped. (log 2 N ch ) bits are the address of a scan chain to be set.
The test application time is calculated by (N len + 1) × N vect + N inv + N len . In the BAST architecture, the scan-in operation to provide one test vector for the flip-flops takes N len clocks. And one clock is required for the normal operation for each test vector. N inv BAST codes are required to set the inverter codes for the inverter block. When a test vector is provided to scan chains, output responses captured by the scan flip-flops are scanned out. After all test vectors are applied, the scan-out operation is applied by N len clocks to observe the last output response. Therefore, the sum of test time can be given by (N len + 1) × N vec + N inv + N len .
Experimental Results
The proposed procedure was applied to some benchmark circuits. In our experiments 16-bit LFSR is used with 16 scan chains. Table 1 shows the experimental results obtained for conventional BAST. Column len shows the length of the scan chains. Column vect shows the number of ATPG vectors generated for the circuits. Column inv shows the number of the inverted bits that conflicted between the random patterns obtained by the LFSR and ATPG patterns. Column test data and test time show the test data volume and the test application time, respectively. Since the ATPG patterns utilized by the experiments contain many care bits in the experiments due to our ATPG tool, the test data is not optimized for some circuits. The number of the conflict bits can be reduced much if more don't care bits can be found in the test pattern. Table 2 shows the results obtained for the case that the inverter block is capable of keeping the inverter codes similar to one of the methods in [2] . In this experiment, for each ATPG pattern the number of BAST codes is estimated both by resetting the inverter codes and by keeping inverter codes. The pair of ATPG pattern and PRPG pattern is selected such that the number of BAST codes is minimized. Hence the pairs of ATPG pattern and PRPG pattern differ from the results in Table 1 . The number of inverted bits can be reduced by keeping the invert codes for some test vectors. Column reset and Column keep show the number of BAST codes with resetting and with keeping the inverter codes, respectively. The percentage shown in Column test data and test time shows the comparison to the results obtained for the conventional BAST shown in Table 1 . In the experiment, the test data volume can be reduced 7.71%, and the test application time can be reduced 7.51% of that for conventional BAST methods on the average. Table 3 shows the experimental results obtained for scan chains considering compatible FFs. The percentage shown in Column test data and test time shows the comparison to the results obtained for the conventional BAST shown in Table 1 . For many cases the arrangement of flipflops using compatible flip-flops can attain the higher reduction rate than that for Tables 1 and 2 . Our method can reduce 9.56% of the test data volume, and 9.31% of the test application time required for conventional BAST methods on the average. To compare the results with the case that a phase shifter is used, the simulation was applied for the case that the random patterns produced by the software are applied as PRPG patterns instead of a LFSR. Table 4 shows the results obtained using the method that keeps the inverter codes and the PRPG that is not a simple LFSR such as phase shifter. Our method can achieve much reduction of the BAST codes for the compatible set of flip-flops that reside diagonally in the scan chains may achieve much reduction in the BAST codes. TPG for the BAST with the scan chain ordering is still left as the future work.
Conclusion
The test data and test time reduction method for BIST-aided scan test is proposed. To reduce the conflicts between random patterns generated by LFSR and ATPG patterns, the compatible sets of flip-flops are utilized for scan chain ordering. Along with the inverter block that is capable of keeping the inverter codes, our method can reduce the test data and test time. Since the compatible set of flip-flops can be replaced each other in scan chain, the method to find optimized arrangements for LFSR is still left as the future work.
